Winter-storm hydrometeor distributions along the Front Range in eastern Colorado are studied with a ground-based two-dimensional video disdrometer. The instrument provides shape, size, and terminal velocity information for particles that are larger than about 0.4 mm. The dataset is used to determine the form of particle size distributions (PSDs) and to search for useful interrelationships among the governing parameters of assumed distribution forms and environmental factors. Snowfalls are dominated by almost spherical aggregates having near-exponential or superexponential size distributions. Raindrop size distributions are more peaked than those for snow. A relation between bulk snow density and particle median volume diameter is derived. The data suggest that some adjustment may be needed in relationships found previously between temperature and the concentration and slope parameters of assumed exponential PSDs. A potentially useful relationship is found between the slope and shape terms of the gamma PSD model.
Introduction
Observations of particle size distributions in winter storms are needed to verify and improve microphysical parameterizations in numerical forecast models and to quantify winter precipitation accurately, discriminate among hydrometeor types, and develop algorithms for determining particle size distributions with remote sensors such as polarimetric radar. This study examines bulk characteristics of observed particle distributions at the ground using a two-dimensional video disdrometer. The instrument is manufactured by Joanneum Research at the Institute of Applied Systems Technology in Graz, Austria. It has been used previously to study the distribution of raindrops (Williams et al. 2000; Tokay et al. 2001; Kruger and Krajewski 2002) , drop axis ratios (Thurai and Bringi 2005) , and fall velocities (Thurai and Bringi 2005) . To our knowledge this is the first application to document particle distributions in winter storms.
We begin with a description of the disdrometer and analysis procedures and demonstrate instrument capabilities. Particle observations are fit with exponential and gamma distribution models; and the governing parameters of the distributions are determined. Physical properties of winter precipitation, such as particle bulk density, shape, terminal velocity, maximum and median volume diameter, and snowfall rate, are inves-tigated. Interrelationships among particle size distribution (PSD) parameters and relationships with temperature and relative humidity are examined. Findings are compared with published studies of frozen precipitation, and implications for microphysical parameterization in numerical forecast models are discussed. Kruger and Krajewski (2002) give a detailed technical description of the disdrometer calibration and computational procedures. The instrument consists of two horizontally oriented line-scan cameras, separated in the vertical by about 6 mm, which provide orthogonal views of hydrometeors falling through a common 10 cm ϫ 10 cm area. Blocked photo detectors for each camera are recorded at a line-scan frequency of 51.3 kHz. Horizontal resolution is approximately 0.15 mm. Vertical resolution depends on particle terminal velocity and is roughly 0.1Ϫ0.2 mm for raindrops and 0.03 mm for snowflakes. The instrument is calibrated every few months by dropping graduated spheres with diameters of 0.5-10 mm into the device.
Instrumentation
Particles as small as a single bin are designated if the light beams are sufficiently attenuated. Particles seen by only one camera are discarded. Mismatches are common for small hydrometeors. The mismatches are believed to be associated with particles outside the virtual viewing area and instances of more than one particle in the viewing area at the same time (Kruger and Krajewski 2002) . Mismatched particles, identified by odd shapes and unrealistic terminal velocities, are removed from the dataset by imposing thresholds. Estimates of hydrometeor properties improve as particle size increases. Using the calibration spheres, we estimate that the relative standard error in the height and width measurement varies from 14% for a particle with a mean diameter of 0.5 mm to less than 1.5% for a particle with a diameter of 10 mm. The error in axis ratios varies from 30% to 2% over this size range. Observed particle terminal velocities obs are determined from the time difference a particle takes to break each camera plane. Estimated fall speeds can be verified by comparing computed values for raindrops with laboratory experiments. From the dispersion in velocities on days with calm winds we estimate the standard error to be 0.4 m s Ϫ1 for drops with a diameter of 0.5 mm and less than 0.2 m s Ϫ1 for drops with diameters larger than 2 mm.
Recorded information for each hydrometeor includes front and side silhouette images (Fig. 1) , equivalent volume diameter, maximum width and height, an estimate of oblateness (valid for raindrops), and terminal velocity. A wealth of information regarding precipitation-sized particles from numerous storm types and a variety of temperature and humidity conditions is readily obtained.
The disdrometer was installed at the National Center for Atmospheric Research Snowfall Test Site at Marshall, Colorado (Rasmussen et al. 2001) . Other instrumentation included thermometers, a hygrometer, anemometers, snow gauges, and a visibility sensor. Disdrometer measurements are influenced by the wind (Nešpor et al. 2000) . Problems are exacerbated for snow particles because of their small terminal velocities. Wind-affected observations can be identified by the distribution of hydrometers within the viewing region and increased scatter among terminal velocity estimates. To minimize wind effects, the disdrometer was placed within a double-fence intercomparison reference wind shield. A Geonor Model T-200 snow gauge having a resolution of 0.0254 mm was also placed within the wind shield. Gauge performance for measuring snow accumulations has been evaluated by Rasmussen et al. (2001) . In general, the gauge agrees within Ϯ5% of that from manual measurements. Our analyses are restricted to events with ambient wind speeds of less than 4 m s
Ϫ1
. Visual inspection of particle spatial distributions disclosed that this threshold eliminated observations with obvious wind effects. Nevertheless, some undersampling, particularly of small particles, is likely (Nešpor et al. 2000) . Undersampling of small particles as a result of wind losses and aforementioned measurement issues dictates that hydrometeor properties and concentrations for particles smaller than about 0.4 mm are regarded as suspect.
Data and analysis
Measurements were made during October-April for 2003 to 2005. The dataset consists of 113 h of observations from 52 storm days. Only snow was observed for 23 events, and only rain was observed for 7 events. The remaining storms typically began as rain that later changed to snow. Surface temperatures were as low as Ϫ17°C, but approximately 80% of the observations were obtained at temperatures above Ϫ5°C. For a small number of storms, an observer was on site to record the degree of riming and hydrometeor habits. Riming was usually light-that is, dendrites were readily identified; on occasion, however, graupel was observed.
Winter precipitation along the Front Range primarily occurs under upslope conditions (Mahoney et al. 1995) . About one-half of the events were postfrontal. The others were split almost equally between leeside cyclogenesis and traveling surface low pressure systems. Observed particle distributions were dominated by aggregates. Storms dominated by graupel, ice pellets, dendritic crystals, and ice needles were not observed. Therefore, no attempt was made to discriminate among hydrometeor habits.
Particle size distributions were fit with the exponential model (e.g., Marshall and Palmer 1948; Gunn and Marshall 1958) 
where
) is a concentration intercept parameter, ⌳ (mm
Ϫ1
) is a slope term, and D (mm) is the particle equivalent volume diameter. The observations were also fit with the gamma model (e.g., Ulbrich 1983) 
where N 0 (mm ϪϪ1 m
Ϫ3
) is now a number concentration parameter, is a distribution shape or curvature parameter, and ⌳ (mm Ϫ1 ) is a slope term sensitive to the larger particles. The governing parameters in (1) and (2) were estimated from the third and sixth moments and the second, fourth, and sixth moments of the observed particle distributions, respectively. The procedure is described by Vivekanandan et al. (2004) . The moments, using the gamma model as an example, are calculated from
where n is the moment number, ␥ ( ) is the incomplete gamma function, D min is the diameter of the smallest particle in the distribution, and D max is the largest particle. The procedure yields three equations with three unknowns that are solved by an iterative method. The governing parameters of the PSD were computed for 5-min samples. In a typical case, each spectrum contained hundreds to thousands of hydrometeors. Once the PSD is known, other attributes can be computed. The median volume diameter D 0 of the particles is defined as
where one-half of the precipitation volume is contained in particles smaller than D 0 and one-half is contained in particles larger than D 0 . The total number concentration N T is
and the mean terminal velocity t is
where obs is the observed particle velocity. Other characteristic velocities can be computed, for example, by weighing each observation according to its volume or mass. Random sampling from a population of hydrometeors causes a bias in estimated PSD attributes (Smith et al. 1993; Smith and Kliche 2005) . The bias, an underestimate, decreases as the sample size increases. With our sample sizes the bias in most PSD attributes should be small. For example, based on the results of Smith et al. we estimate that the bias in D 0 is less than 5%. An exception is D max , for which the bias could be as large as 30%.
Precipitation characteristics for a long-lived snow event on 20 November 2004 are plotted in Fig. 2 . The surface air temperature was 0.6°C initially, cooled to 0°C at 0645 UTC, and varied between 0°and Ϫ3°C afterward. The top panel shows snowfall rate (water equivalent in millimeters per hour) as measured by snow gauge and computed from disdrometer measurements using a density-size relation described in section 4a. Other panels show D 0 and D max , N T , and t . In general, displayed parameters show fair stability from sample to sample. Increases in precipitation rate at 0915 and 1520 UTC coincide with increases in D 0 and D max as well as an increase in total number concentration. The rate increase at 0915 UTC was marked by a decrease in particle terminal velocity, whereas the rate increase at 1520 UTC shows an increase. Relatively heavy snowfall rates after 2030 UTC do not show a significant increase in particle size but show an orderof-magnitude increase in number concentration.
Among characteristic velocities, mean values are the smallest because more numerous and slower-falling small particles have the same weight as less plentiful and faster-falling large particles. Mass-weighted terminal velocities are slightly less than volume-weighted velocities because mass increases more slowly than volume as the particle diameter increases.
The gamma distribution has been widely accepted by the meteorological radar community for raindrops (e.g., Jameson 1991; Schuur et al. 2001; Bringi et al. 2002; Illingworth and Blackman 2002) because it readily describes a variety of observed distributions while maintaining a simple and efficient functional form. Application to snowflakes needs some justification. Modelers and observationalists often assume that particles in winter storms are exponentially distributed. Figure 3 presents PSD examples from a snow event on 18 March 2003. The sharp downturn at the smallest size in the top panel is believed to be a manifestation of small particle detection issues (section 2). Fitted relations for truncated-exponential and truncated-gamma distributions are overlaid. Computed properties and governing parameters for the two PSD models are summarized in Table 1 . Cursory inspection of Fig. 3 suggests that the gamma distribution model gives a better representation of distributions that are nonlinear in the semilogarithmic plot-that is, the upward-curving distribution of 2125-2130 UTC and the downward-turning distribution of 2230-2235 UTC.
The frequency of the gamma PSD shape factor differs for winter snowstorms and rainstorms (Fig. 4) . The distribution for snow is skewed with a mode of ϩ1 or close to exponential. Twenty-two percent of the s are negative, an indication that small particle concentrations often exceed that of an exponential distribution. Negative s are common with ice particle distributions derived from aircraft observations (e.g., Heymsfield et al. 2002; Heymsfield 2003) . The mode value for winter rain is 6. Only, 4% of the values are less than zero. While the mode values could be used to define a special gamma distribution with a constant , that simplification could lead to significant error if the total particle concentration, coalescent, or evaporative properties of the distribution are desired. Figure 5 presents a time series of D 0 and D max , estimates of for a truncated-gamma PSD, and ⌳ and N T for both truncated-gamma and truncated-exponential PSDs. The data are for an event on 1 November 2004 during which precipitation began as rain, became mixed phase, and finally changed to snow. Snowfall rates varied between 0.5 and 6 mm h
Ϫ1
. Temperatures fell from 4°C at 0000 UTC to Ϫ1°C at 0500 UTC. The average gamma PSD shape parameter for the rain stage is approximately 3. The shape parameter decreases to negative values as the precipitation begins the change to snow (0045 UTC). Negatives at this stage are associated with bimodal spectra composed of a few relatively large wetted snowflakes and large numbers of small raindrops and ice particles that are narrowly distributed. The gamma model can be inappropriate in these situations. As the precipitation turns to all snow (ϳ0145 UTC), the shape factor increases to about 0, indicating that the distribution is near exponential. After 0315 UTC, averages between Ϫ1 and Ϫ2. Examination of the particle spectra at this stage reveals superexponential distributions much like the middle panel in Fig. 3 . Whenever is negative, the slope of the fitted truncated-exponential PSD is larger than that of the truncated-gamma PSD.
The truncated-exponential PSD overestimates particle total number concentration for rain and underestimates the concentration for mixed-phase and snow portions of the storm (Fig. 5, bottom panel) . The exponential model is a poor fit during the mixed-phase stage, and for some spectra the iterative procedure used to compute the PSD governing parameters does not converge to a solution. The truncated-gamma distribution overestimates the concentration for negative . The difference arises from the handling of small particles. The disdrometer-observed number concentration turns downward as the diameter approaches 0, as in the top panel of ticles with the gamma PSD model.] For the most part, disdrometer observations of N T lie between estimates for the truncated-exponential and truncated-gamma PSDs. However, the gamma model provides a much better fit to the observed hydrometeor distributions during the rain and mixed-phase portions of the event. During the rain stage, the fitted N T estimates with the gamma distribution model are higher than the disdrometer by a factor of 1.2, whereas the estimate with the exponential model is larger by a factor of 4.9.
PSD physical attributes a. Snow bulk density
A critical issue for estimating liquid equivalents and for quantifying PSD attributes with polarimetric radar measurements is the relationship between particle size and density. To determine density, snowflake volumes were computed from the disdrometer observations. Each silhouette image (e.g., Fig. 1 ) is composed of numerous two-dimensional sections whose dimensions are determined by the spatial and temporal resolution of the cameras. Each areal subsection was assumed to be "coin" shaped. The total volume estimate was found by summing the component volumes. The final particle volume estimate was taken as the geometric mean of the individual estimates from both cameras. Bulk snow density s was determined from the 5-min disdrometerderived precipitation volume and the corresponding gauge-measured precipitation mass. Sensitivity to the number of particles, calculated volumes for often highly irregular particle shapes, and gauge quantization at low precipitation rates dictates that density estimates are approximate. However, density calculations for intense summer rain events average close to 1 g cm Ϫ3 , indicating that the method has merit. Figure 6a shows the relation between s and particle median volume diameter. Data points from specific days tend to cluster. This is illustrated by observations from a roughly 5-h segment on 28 November 2004. Clustering attests to the importance of meteorological conditions, revealing the prevalence of aggregates or snow pellets and whether riming is light or heavy. Table 1 . Surface temperatures varied between 0°and 0.3°C. Fig.  3 . Fitted values are presented for truncated particle size distributions. Here C T is the number of particles observed in the 5-min interval. Gauge-observed snowfall rates S (liquid equivalents) are also shown. Units used: The overlaid red curve, a least squares fit applied in an attempt to determine a climatological relation, is given by
where D 0 is in millimeters and s is in grams per centimeter cubed. This relation excludes four outliers. The correlation coefficient is 0.82. A relation for snow particle mass m (in grams) corresponding to (7) is
Note that (7) does not match the observations at median volume diameters of less than 1 mm. Also, there are no observations with D 0 of less than 0.6 mm. Hence, the relation does not apply to this portion of the size spectrum. Table 2 presents several density-snowflake size relations found by others. All relations are plotted in Fig.  6a . Particle diameter definitions vary. Magono and Nakamura (1965) and Holroyd (1971) use the geometric mean of the particle major and minor axes as seen from above. The Muramoto et al. (1995) relation is based on the maximum horizontal dimension, and the Fabry and Szyrmer (1999) relation is based on an equivalent volume diameter. Heymsfield et al. (2004) define the diameter to be that of the minimum circumscribed circle that encloses the projected area of the particle. The Magono and Nakamura relation is for dry and wet snows. Holroyd used the dry snow data of Magono and Nakamura. The Heymsfield et al. (2004) Differences in the definition of particle diameter, instrumentation, and precipitation climatological characteristics are all likely contributors to the scatter among relationships and make direct comparison difficult. Equation (7) is intermediate among the selected relations and closely agrees with those of Holroyd (1971) and Fabry and Szyrmer (1999) . Higher densities with the Magono and Nakamura relation probably follow from their inclusion of wet snowflakes. Lower densities found by Muramoto et al. likely results from their use of the maximum particle dimension.
In the top panel of Fig. 2 , snowfall rates computed by multiplying the volume of individual particles by densities from (7) are compared with the snow rate measured with a gauge. Overall, the comparison is good, but differences that are as large as 0.5 mm h Ϫ1 occur for the heavier snow rates after 2000 UTC. Snow particles during this storm stage were more dense than is given by (7). Median volume diameters are relatively small (Ͻ2 mm) for this stage, suggesting that an important proportion of particles may not have been detected.
Particle bulk density is plotted against surface temperature in Fig. 6b . A fitted curve has been added to show the mean trend. The correlation coefficient for the entire temperature range is low (Ϫ0.14). There is, however, a tendency for low densities to become more frequent as temperatures warm above Ϫ5°C. This is believed to be a consequence of increased aggregation (discussed further in section 4c). Figure 6c examines the relationship between bulk density and relative humidity. A mean tendency is also evident for the frequency of low-density aggregates to increase as humidity increases above about 95%, but again the correlation is low (Ϫ0.12). A negative correlation might be expected FIG. 4 . Relative frequency of the truncated-gamma PSD shape factor for winter (left) snowstorms and (right) rainstorms. The total number of snow and rain spectra is 916 and 308 and the number of storm days is 30 and 11, respectively. because high humidity fosters particle growth by aggregation (Hosler et al. 1957) . It is undoubted that more than surface meteorological conditions determine bulk density.
b. Aggregate aspect ratios
To discriminate among particle habits with polarimetric radar, mean particle dimensions and orientations must be known. The shapes of raindrops and pristine ice crystals are well known. Less is known about the mean shape of aggregates. Aspect ratios r, defined here as the ratio of the maximum vertical dimension divided by the maximum horizontal dimension, are illustrated in Fig. 7 . Although this ratio differs from that obtained by fitting the images with ellipses and dividing the minor axis by the major axis, the current definition allows comparison with radar measurements of differential reflectivity in a statistical sense. Aspect ratio scat- 
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ter is large for small particles. Some of the scatter, in particular at the smallest sizes, probably stems from instrument sensitivity. Large ratios associate with aggregates whose axis of elongation is closer to vertical than horizontal. Many small particles with small ratios are branched crystals much like that seen in Fig. 1d . The scatter in aspect ratios decreases as size increases. At a diameter of 2 mm, ratios range from approximately 0.4 to 5. At a diameter of 8 mm, the range is only from 0.5 to 1.5. The curve in Fig. 7 is a fit applied to modal values of aspect ratios for 0.2-mm size bins. Ratios increase slightly with size from 0.9 to 1.0. Although an increase in aspect ratios is the usual case, distributions in which the aspect ratio decreases slowly with size can also be found. The scatter is large; hence the fitted relation is probably not significant. The usual case for large aggregates seems to be an aspect ratio between 0.9 and 1.0 in the mean. This finding is consistent with that of Magono and Nakamura (1965) who show aggregates to be largely spherical (their Fig. 2 ).
c. Terminal velocity
Examples of observed particle terminal velocities for a storm on 5 March 2004 are given in Fig. 8 . The top panel shows mixed-phase precipitation detected between 0100 and 0115 UTC. The temperature fell from 5.5°to 0.5°C during the period. Raindrops, ice pellets, and wetted aggregates were observed. From 0145 to 0200 UTC the temperature was approximately 0.1°C (middle panel). Hydrometeor habits were dendrites, plates, stellars, and aggregates of these forms. During this stage, terminal velocities were weakly dependent on size, varying from about 0.8 m s Ϫ1 for a particle with an equivalent volume diameter of 1 mm to 1.1 m s
Ϫ1
for a particle with a diameter of 11 mm. In the mean, the observed velocities for larger particles are within 0.1 m s Ϫ1 of that reported by Locatelli and Hobbs (1974) for unrimed aggregates (their Fig. 20) . Between 0220 and 0235 UTC the temperature lowered to Ϫ0.5°C. Hydrometeor habits were classified by an observer as irregular snow particles and lump graupel. Comparison with relations of Locatelli and Hobbs shows the observed terminal velocities to be slightly higher than their densely rimed aggregates but not as high as their low-density graupel. The temporal varia- FIG. 6 . Relationships between bulk density and (a) particle median volume diameter, (b) ambient temperature, and (c) relative humidity. The red curve in (a) is (7); expressions for the remaining curves are given in Table 2 . The dataset consists of 768 spectra from 28 storm days. Yellow data points in (a) are for 0345-0855 UTC 28 Nov 2004. Eq. (7) s (D) ϭ 0.178D
Ϫ0.922 0 tion in the size-terminal velocity relation seen in Fig. 8 is typical of winter storms along the Front Range.
Interrelationships among mass-weighted terminal velocity, size (D 0 ), and ambient temperature are illustrated in Fig. 9 . Individual data points are color coded for density. Small, high-density particles with terminal velocities of greater than 1.2 m s Ϫ1 (Fig. 9a) are indicative of small lump graupel or snow pellets (Zikmunda and Vali 1972; Locatelli and Hobbs 1974) . Large, less dense particles are aggregates. Terminal velocities of these particles closely match those found by Locatelli and Hobbs for aggregates. Fall speeds for aggregates increase slowly with size despite the decrease in particle density. This result is similar to that of Locatelli and Hobbs who found that aggregates fall faster than their constituents. The terminal velocity for spherical snowflakes can be computed (Pruppacher and Klett 1997) as
where g is the acceleration of gravity, C D is the drag coefficient, and a is the density of air. Fall velocities increase as particle density and size increase and decrease as the drag coefficient increases. Particle bulk density and size are inversely related [e.g., (7)]. Because bulk density varies according to D Ϫ0.922 , the terminal velocity is a little more sensitive to D than s is. Their product increases slowly as D increases. [That the exponent in the density-size relation may be greater than Ϫ1 is supported by the Muramoto et al. (1995) and Heymsfield et al. (2004) studies.] This could partly explain the increase in terminal velocity seen for large aggregates. Drag coefficient impacts have not been investigated. Magono and Nakamura (1965) determined that the drag coefficient for dry snow particles was near constant. Fall speeds could increase if the drag coefficient decreased with particle size. We intuitively expect drag to increase for large fluffy aggregates.
There is a relationship between mass-weighted terminal velocity and temperature (Fig. 9b) . As temperatures warm above about Ϫ5°C, fall speeds increase noticeably on average from about 0.9 to 1.3 m s
. The increase, seen for all density categories, is most likely related to aggregation and corresponding increases in particle size. The relation between particle median volume diameter and temperature is presented in Fig. 9c . Our dataset is limited in that not all temperatures are represented, but, as temperature increases above Ϫ7°C or so, aggregation, as suggested by the mean increase in particle size, becomes ever more active and the spread in particle median volume diameters increases. Hosler found a temperature of Ϫ5°C as the point at which particle stickiness increases and aggregation is enhanced. [The increase in stickiness is attributed to the growth of a quasi-liquid layer that forms on ice surfaces (Furukawa et al. 1987; Rosenberg 2005) .] Largest D 0 s in our dataset were at temperatures greater than Ϫ1°C. This agrees with the findings of Hobbs et al. They also found a secondary dendritic growth region in the temperature range from Ϫ12°to Ϫ17°C. It is unfortunate that the dataset collected to date has too few observations in this range to verify this finding.
d. Snowfall rate
Snowfall rate (S, liquid equivalent) and bulk density in winter precipitation are inversely related (Fig. 10a) .
1
This fact is not surprising given that heavy snowfall rates are often characterized by aggregates and warmer temperatures. Heavy rates with dense pristine ice crystals or snow pellets simply were not observed. Snowfalls with very light rates and very low bulk densities were seldom observed. Perhaps there are too few particles at low precipitation rates to grow large aggregates.
Snow particle terminal velocity and snowfall rate are weakly related (Fig. 10b) . Most of the data points at light snowfall rates are aggregates and have a terminal velocity of approximately 1 m s Ϫ1 . On-site particle observations support the notion that data points with light snowfall rates and relatively high t are snow pellets or lump graupel. The increase in mass-weighted terminal velocity at high snow rates for aggregates is believed to arise primarily from an increase in particle size (Fig.  10c) . For the Colorado Front Range, the most common situation appears to be a snowfall rate of about 1 mm h Ϫ1 and a D 0 on the order of 1.5 mm. For low snow rates there is no obvious relation with the shape parameter of the gamma PSD (Fig. 10d) . The curvature term varies considerably from small negative values to more than 5. Although the sample size is small, heavy snow rates tend to be slightly superexponential.
Numerical model microphysics parameterization
Some numerical forecast models incorporating second-or higher-moment particle size distributions such as (1) and (2) close the system of unknowns by forecasting the precipitation mass and using empirical relationships between the governing parameters of the distribution and temperature (e.g., Reisner et al. 1998; Hong et al. 2004; Thompson et al. 2004 ). Disdrometerderived values of N 0 for storms in Colorado, assuming a truncated-exponential PSD, are plotted against temperature in Fig. 11 (top panel) . A fit to the data is
1 All data points with snowfall rates that exceed 4 mm h Ϫ1 are from two storms. where T 0 ϭ 273.15 K and T is the observed temperature (K). The solid thin line is a relationship used by Hong et al. and Thompson et al. ,
that was derived from observations described by Houze et al. (1979) . The dataset of Houze et al. consists of 37 spectra obtained by aircraft from four winter storms in the state of Washington at temperatures of Ϫ42°to 6°C. The particle sensor had a measurement resolution of 70 m and a data window width of 1050 m. In general, particle sizes would have been estimated from the shape of partial images. Houze et al. truncated the size distribution on the small end when the data departed from an exponential distribution. Also shown is the relationship N 0 ϭ 7.63 ϫ 10 3 exp͓0.107͑T 0 Ϫ T ͔͒ ͑12͒
derived by Field et al. (2005) . The data were obtained during 16 aircraft flights around the British Isles. Particles as large as 6400 m were sampled with an array of instruments over a temperature range of Ϫ55°to 10°C.
For the most part, our N 0 s are larger by a factor of 3-5 than that found by Houze et al. (1979) . Although differences in instrumentation and data processing may contribute to this result, particle distributions in Colorado may simply be narrower, having higher concentrations of small particles and fewer large particles, than those in the Pacific Northwest. Our N 0 s are within a factor of 1.4 of that found by Field et al., except for temperatures near 0°C. The Colorado data, obtained at the ground, show a factor-of-4 decrease in the intercept parameter on average as temperatures warm above Ϫ5°C and aggregation broadens the distribution. PSD broadening is supported by a corresponding decrease in ⌳ (Fig. 11, bottom panel) . The fitted ⌳-T relation is
A corresponding fit to the data of Houze et al. is
Our ⌳s are about 1 mm Ϫ1 larger. Houze et al. determined correlation coefficients of Ϫ0.66 between temperature and N 0 and Ϫ0.90 between the slope of the exponential PSD and temperature. Correlation coefficients for the disdrometer observations are Ϫ0.63 between logN 0 and T and Ϫ0.41 between ⌳ and T. Although correlation could be improved somewhat by averaging over periods longer than 5 min or averaging over small temperature intervals, the coherence seen in our data from sample to sample (e.g., Figs. 2 and 5) and the fact that the estimated snowfall rates closely match the gauge observations are evidence that the fluctuations are largely meteorological. The behavior of ⌳ and N 0 depends on which microphysical processes (nucleation, depositional growth, aggregation, or ice multiplication) dominate (Lo and Passarelli 1982; Mitchell 1988 Mitchell , 1991 and which ice growth regimes are active (Gordon and Marwitz 1984) . Hence, differences between in-cloud PSD attributes determined by aircraft and disdrometer-derived attributes at ground are likely. Observations suggest that precipitation processes drive the slope of the distribution to a limiting value of approximately 1 mm Ϫ1 (Lo and Passarelli 1982; Ryan 1996) . The observations in Fig. 11 agree with that finding. Mitchell and Heymsfield (2005) attribute the limiting value to the growth of particles and a reduction in the dispersion of fall speeds that eventually shuts down the aggregation process. Figure 12 shows concentration parameters for truncated-exponential and truncated-gamma PSDs plotted against snowfall rate. The rates are computed from the disdrometer observations. A fit to the data for the truncated-exponential distribution yields
For snowfall rates of less than 3 mm h
Ϫ1
, the concentration parameter varies by more than two orders of magnitude. Although the dataset size for heavy snow rates is limited, there is close agreement between the observations and (15) for S Ͼ 3 mm h
. Sekhon and Srivastava (1970) determined that N 0 and S were related by N 0 ϭ 2.50 ϫ 10 3 S Ϫ0.94 . ͑16͒
This relation, used by Reisner et al. (1998) in their numerical model microphysical parameterization scheme, FIG. 11 . Concentration and slope parameters for truncatedexponential PSDs plotted against surface air temperature. Relations fitted to the observations are shown by thick solid lines; fits to the data of Houze et al. (1979) are given by thin solid lines. An N 0 -T relation found by Field et al. (2005) is shown by a dashed line. The dataset is the same as in Fig. 6 .
FIG. 12.
The relationship between N 0 for truncated-exponential and truncated-gamma PSDs with snowfall rate. Relations fitted to the observations are shown by thick solid lines. Equation (10) from Sekhon and Srivastava (1970) , for an exponential PSD, is shown by a dashed line. The dataset is the same as in Fig. 6 . is also plotted in Fig. 12 . The concentration given by (15) is larger by a factor of 2.4 than that of (16) for a snow rate of 0.5 mm h
Ϫ1
. This ratio reduces to 1.2 at a rate of 8 mm h Ϫ1 . The differences would seem to be insignificant in view of the data scatter at low snow rates and the few disdrometer observations at high snow rates.
The N 0 s for the truncated-gamma PSD are plotted versus S in the bottom panel of Fig. 12 . A fit to the data is N 0 ϭ 1.3 ϫ 10 4 S Ϫ1.45 . ͑17͒
Increased scatter, attributed to greater freedom when fitting the observed particle distributions with a threeparameter model, would seem to preclude the utility of (17). Relationships between the shape and slope parameters for precipitation near ground, assuming truncated-gamma PSDs, are shown in Fig. 13 . Fitted relations for snow, rain, and mixed-phase precipitation are ϭ Ϫ0.004 99⌳ 2 ϩ 0.798⌳ Ϫ 0.666, ͑18͒ ϭ Ϫ0.003 25⌳ 2 ϩ 0.698⌳ Ϫ 1.71, and ͑19͒ ϭ Ϫ0.000 120⌳ 2 ϩ 0.602⌳ Ϫ 2.06. ͑20͒
Equations (18)- (20) are applicable if the true PSD is a gamma distribution-that is, if the distributions are concave upward or downward. Caution should be exercised when using such relationships because, as noted by Chandrasekar and Bringi (1987) , derived PSD attributes can be correlated because of errors in the computation of particle moments. The issue is discussed further by Zhang et al. (2003) who argue that, although observational error does contribute to correlation between computed PSD properties, the derived relations contain useful meteorological information. Seifert (2005) conducted a study with a stochastic drop breakup/coalescence model that suggests relations similar to (18)-(20) represent fundamental properties of drop distributions in convective storms. Hence, a physical relationship is believed to exist between these two parameters. Such a relationship may be useful when a two-parameter PSD model is needed. Figure 13 shows some very large values of and ⌳. Their frequency is low (Fig. 4) . Large s and ⌳s are characteristic of narrow PSDs and commonly occur at the beginning and ending of storms when small numbers of small particles are observed. Computed values also tend to be noisier during these storm stages. Issues with small particles (section 2) would also contribute to the narrowing of these distributions. Significant precipitation is characterized by broad PSDs with small values of and ⌳ (e.g., Fig. 5 ). Nevertheless, our s and ⌳s are somewhat larger than those found for aircraft observations (e.g., Heymsfield et al. 2002; Heymsfield 2003) . The latter studies include high concentrations of cloud particles that are not detected by the disdrometer. Also, relations found by Heymsfield and collaborators are representative of cloud particle distributions throughout the storm depth, whereas relations found here are applicable for precipitation-sized particles at the ground.
For a particular , ⌳ for snow is smaller in the mean than for rain. As a consequence, the fitted relation slope for snow is larger than that for rain, especially for heavier-precipitation events. The dataset for mixedphase precipitation (Fig. 13c) is much like that for rain.
Summary and discussion
The video disdrometer is a powerful observational tool for studying the microphysical properties of winter storms. What the instrument lacks in resolution is made up for by the sheer volume of observations readily obtained for precipitation-sized particles in a variety of storms and under different meteorological conditions. The observations should prove to be important for verifying and developing microphysical parameterizations in numerical forecast models and for the interpretation of polarimetric radar observations.
Our results show that, while PSDs near the ground in winter storms are closer to exponential on average than raindrops, the distributions often turn markedly upward or downward (e.g., Figs. 3 and 4) and hence there are benefits for modeling the hydrometeors with a gamma distribution. However, the advantage with the gamma distribution is largely the capability to handle distributions of mixed-phase particles and the raindrop populations that stem from melting. The gamma model adds complexity to a numerical model because another parameter is introduced. However, the existence of relationships between and ⌳, as in Fig. 13 , is important because it effectively reduces the three-parameter gamma distribution to two parameters. It consequently should not be necessary to impose more severe assumptions on the PSD, such as a constant .
Using precipitation volume measurements from the disdrometer, we derived a relationship for bulk density [ (7)] that is an almost inverse linear relation (1/D) with particle size. Although the correlations are weak (Ͻ0.15), further refinement of the relation may be possible when temperatures warm above Ϫ5°C or so by considering the influence of temperature and humidity on snowflake density.
Heavy snow rates along the Front Range in eastern Colorado typically involve relatively warm temperatures and aggregates with median volume diameters that are greater than 5 mm. The increase in snow volume more than offsets the reduction in bulk density as particles grow in size. Heavy snow rates are also supported by increases in particle terminal velocity. In our data the shape parameter of the gamma distribution model in heavy snows is often negative (22% of the time), indicating the presence of superexponential concentrations of small particles. Negative s can be a problem when using the gamma model to calculate N T . To avoid an infinite or unrealistic N T , the distribution can be truncated at a small particle size. For remote sensing N T is not an overly important issue because its correlation with radar measurements is relatively low. The problem is greater for a two-moment numerical model that predicts N T and then uses it to derive other variables. A solution may be to develop a parameterization scheme based on predictions of precipitation mixing ratio and radar reflectivity and avoiding the use of N T .
Empirical relationships between temperature and the concentration and slope parameters of the exponential PSD were evaluated. At a specific temperature, N 0 varied by an order of magnitude and the range in ⌳ was broad. Over the temperature range of Ϫ20°to Ϫ5°C, a small decrease in the magnitude of both parameters was noted. The N 0 decreased from approximately 10 4.6 to 10 4.3 m Ϫ3 mm Ϫ1 and ⌳ decreased from 4 to 3 mm Ϫ1 . As temperatures warmed above Ϫ5°C, N 0 and ⌳ decreased further in the mean to about 10 3 m Ϫ3 mm Ϫ1 and 2 mm Ϫ1 , respectively, which is an indication that aggregation had broadened the PSD. Observed N 0 s and ⌳s were larger than in the Pacific Northwest, suggesting that PSDs in Colorado are narrower and are composed of smaller particles. Parameter N 0 and snowfall rate S are weakly correlated at snowfall rates of less than 3 , with N 0 varying by more than two orders of magnitude. Hence, the relation does not appear to be useful.
This study emphasized bulk characteristics of storms. Future efforts will include detailed studies of particle evolution within winter storms. Of particular interest are the conditions that determine whether significant aggregation takes place. Also, as the dataset grows, interrelationships between variables described here will be refined and habit-specific relations will be developed. Hydrometer properties such as bulk density and terminal velocity are clearly determined by more than size. A "fuzzy logic" approach may prove useful when the theoretical form of the relation is not known but interrelationships among bulk attributes of particle distributions and their dependence on environmental factors such as temperature and humidity are desired.
